Depression is common among stroke patients, and the clinical importance of post-stroke depression is increasing. A recent systematic review indicated that post-stroke depression was present in 33% of stroke survivors [1] . Patients with post-stroke depression show more functional disability, worse rehabilitation outcomes, and increased morbidity and mortality in the first year after a stroke [2] . However, the exact pathophysiology of post-stroke depression remains unknown and several different mechanisms have been suggested [3, 4] .
INTRODUCTION
www.e-arm.org are widely distributed in areas of the human brain that are involved in depression [6, 7] . However, a direct relationship between vitamin D deficiency and depression in stroke patients has not been established. Thus, the aims of this study were to compare depressive symptoms between a vitamin D-deficient group and a normal vitamin D level group, and to investigate the correlation between serum 25-hydroxyvitamin D (25-OHD) levels and the degree of depressive symptoms in stroke patients.
MATERIALS AND METHODS
All participants were informed of the procedure and objectives of this study. Only patients who provided written, informed consent were selected. Ethical approval was obtained from the Institutional Human Research Ethics Committee (No. SCHBC2013-02-004-001).
Participants
From May 2014 to November 2014, patients with stroke who were admitted to Soonchunhyang University Bucheon Hospital were recruited for a descriptive correlational study to address the relationship between serum vitamin D level and symptoms of depression in stroke patients. A total of 126 patients were recruited as in a study by Kwasky and Groh [8] , another descriptive correlational study investigating the relationship between serum vitamin D levels and depression in young women. Stroke was confirmed using computed tomography and/or magnetic resonance imaging. The following patients were excluded from the study: those who were diagnosed with any psychiatric illness, including depression, before the stroke; those who had a history of taking antidepressants, antipsychotics, corticosteroids, thyroxine, anticonvulsants, or estrogen; those who had aphasia; and those who could not understand and answer the clinical questionnaires.
Clinical questionnaires
To measure the patients' depressive symptoms, we used the Beck Depression Inventory II (BDI-II) and Patient Health Questionnaire-9 (PHQ-9). BDI-II and PHQ-9 were developed to detect depression in mental healthcare settings, and have been widely used for detecting poststroke depression [9, 10] . BDI-II, which consists of 21 queries, was developed to detect depression in mental healthcare settings. Responses are on a scale of 0 to 3 in reference to the past fortnight (total score range 0-63) with higher scores indicating greater severity [11] . A factor analytic study indicated that BDI-II provided a meaningful severity score of depression in stroke patients [9] . PHQ-9 is based on the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) [12] . Responses are rated 0 to 3 in reference to the past fortnight (total score range 0-27) with higher scores indicating greater severity. The PHQ-9 performs well as a screener for post-stroke depression and discriminates equally well between those with and without post-stroke depression, regardless of age, gender, or ethnicity [10] . Additionally, we evaluated the patients' functional status using the Korean version of the Modified Barthel Index (K-MBI).
Laboratory tests
Fasting blood samples were collected in 5-mL tubes within 24 hr of completing the clinical questionnaires, and were centrifuged (3,000 rpm, 15 minutes, 4 o C); serum was removed and then frozen at 80°C until analysis. Serum 25-OHD was analyzed using isotope-dilution liquid chromatography mass spectrometry (Waters, Milford, MA, USA). Free fraction of serum 25-OHD enters the cerebrospinal fluid through an energy-independent passive mechanism, and a part of the protein bound 25-OHD crosses the brain-blood barrier by active transport [13, 14] . The concentration of 25-OHD in cerebrospinal fluid (CSF) positively correlates with that in the serum [15] . Although there is no consensus on optimal levels of 25-OHD as measured in serum, vitamin D deficiency is defined by most experts as a 25-OHD level of less than 20 ng/mL [5] . The 25-OHD levels were inversely associated with parathyroid hormone levels until they reach 20 ng/mL, but for 25-OHD over 20 ng/mL, parathyroid hormone decreases were not significant [16] . Therefore, the participants were classified into a vitamin D-deficient group (<20 ng/mL) and a normal group according to the 25-OHD level.
Statistical analysis
The correlations between the BDI-II, PHQ-9, K-MBI scores and the 25-OHD levels were assessed by Spearman rho coefficient. Demographic data, clinical questionnaires and laboratory tests were compared retrospectively between the vitamin D-deficient group and normal level group using Mann-Whitney U test or χ 2 test.
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RESULTS
In total, 126 stroke patients were analyzed, and 77.8% of patients were classified into the vitamin D-deficient group (<20 ng/mL). Baseline characteristics of the patients are shown in Table 1 . Mean serum 25-OHD levels in the vitamin D-deficient group and the normal group were 10.8±4.2 ng/mL and 28.4±9.1 ng/mL, respectively. When comparing the BDI-II and PHQ-9 levels, both scores were significantly higher in the vitamin D-deficient group than in the normal group (Table 1) .
There was a significant negative correlation between the serum 25-OHD levels and the BDI-II score (r=0.205, p=0.021; Fig. 1A ), but no correlation between serum 25- Other areas include brain stem, cerebellum, and multiple areas. *p<0.01. www.e-arm.org OHD levels and PHQ-9 (r=0.156, p=0.081; Fig. 1B ) or K-MBI scores (r=0.034, p=0.705; Fig. 1C ).
DISCUSSION
In our study, BDI-II and PHQ-9 scores were significantly higher in the vitamin D-deficient group, showing that depressive symptoms were associated with lower serum 25-OHD levels. A relationship between vitamin D deficiency and depression has been described in several studies. Ganji et al. [17] reported that the prevalence of depression was significantly higher in a population of young adults with vitamin D deficiency. Kjaergaard et al. [18] evaluated vitamin D deficiency and depression in a general population, and established that low serum 25-OHD levels were a significant predictor of depression.
The mechanism linking vitamin D deficiency and depression in stroke patients remains unclear, but there are several plausible biochemical mechanisms by which vitamin D deficiency could change the manifestations of depression in stroke patients. First, depression could be manifested by the inflammatory cytokines associated with vitamin D deficiency. Inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), activate the hypothalamic-pituitary-adrenal axis, resulting in the release of cortisol, which is closely related to manifestations of depression [19] . These inflammatory cytokines can also impair neuroplasticity due to neurotoxicity, which may also be associated with the pathophysiology of depression [19, 20] . Vitamin D is a potent anti-inflammatory agent and reduces inflammation in the brain [21, 22] . Lefebvre d'Hellencourt et al. [23] described the anti-inflammatory activity of vitamin D, and showed a negative correlation between the levels of IL-6 and TNF-α and vitamin D in microglial cells. Thus, the diminution of the anti-inflammatory effect of vitamin D in the vitamin D-deficient group might increase depressive symptoms in stroke patients.
Another possible mechanism is through the regulation of neurotransmitters. Vitamin D has been reported to regulate several neurotransmitters. Vitamin D promotes the gene expression of tyrosine hydroxylase, an essential enzyme involved in the synthesis of norepinephrine and dopamine, which are involved in mood regulation and depression [24] . Vitamin D also upregulates serotonin synthesis by activating the transcription of the serotoninsynthesizing enzyme tryptophan hydroxylase 2 in the brain [25] . Norepinephrine, dopamine, and serotonin are associated with the pathophysiology of depression, and these are target neurotransmitters for antidepressants, such as selective serotonin re-uptake inhibitors and serotonin-norepinephrine re-uptake inhibitors [26] . Several lines of experimental evidence have shown that dietary manipulation or direct addition of 25-OHD to the brain alters these neurotransmitter systems. Tekes et al. [27] reported that 25-OHD administered to rodents elevated dopamine and norepinephrine contents in the brainstem, and Smith et al. [28] reported that adult animals treated with high doses of 25-OHD showed increased basal striatal dopamine content. However, we did not evaluate whether the supplementation of vitamin D could improve the symptoms of depression in the stroke patients with vitamin D deficiency. Further studies are required on this.
Several reports have shown that serum 25-OHD levels are negatively correlated with scales of depression [29] [30] [31] . Polak et al. [30] reported that serum 25-OHD status was significantly negatively associated with a depression scale in young adults. Lee et al. [31] revealed a significant negative correlation between 25-OHD levels and BDI-II scores in their multi-center trial. In this study, a significant inverse correlation was seen between BDI-II scores and serum 25-OHD levels, consistent with the results of previous studies conducted on general populations. And, to our knowledge, this is the first report showing a negative linear correlation between serum 25-OHD levels and symptom scales of depression in stroke patients.
This study has some limitations. First, this study was cross-sectional, so the change in vitamin D levels or progression of depression was not evaluated; thus, we could not determine a temporal or causal association between vitamin D deficiency and depression in stroke patients. Second, we did not classify our participants by stroke severity or duration after stroke onset. Stroke severity or duration could have an influence on diet or level of activity, which may affect vitamin D metabolism. However, K-MBI score and duration after stroke onset did not differ between the two groups, and all of our participants were admitted patients in a university hospital engaged in a conventional rehabilitation treatment program. Thus, daily diet or physical activity would not differ largely between participants and would not have influenced www.e-arm.org our results. Third, the study sample was comprised of admitted patients who were motivated to engage in a rehabilitation treatment program. Thus, these results may not generalize to all stroke patients and the favorable outcome of our study could have resulted, in part, from patient selection bias. Fourth, free fraction of serum 25-OHD enters through an energy-independent passive mechanism, while protein bound 25-OHD is restricted and only a part crosses the brain-blood barrier through active transport [13, 14] . Therefore, the concentration of serum 25-OHD is higher than those found in human CSF, and serum 25-OHD might not exactly reflect CSF and brain 25-OHD level. However, studies have shown a positive correlation between serum and CSF 25-OHD concentration, and concluded that CSF concentration is determined by the serum concentration, thus measuring serum 25-OHD is reasonable in this study [15, 32] . Fifth, there were relatively few study participants (n=126) and they came from a single institution. Further research will be needed considering these limitations.
In conclusion, we showed that BDI-II, PHQ-9 scores differed significantly between a vitamin D-deficient group and a normal group in stroke patients. Additionally, the correlation between serum 25-OHD levels and BDI-II scores was significant. We suggest that vitamin D levels may be a clinical marker for post-stroke depression, and physicians should pay attention to whether stroke patients with vitamin D deficiency have depression. Future studies are needed to confirm our findings and determine whether vitamin D supplementation could influence post-stroke depression.
